Intracellular proteolysis plays an important role in regulating fundamental cellular processes such as cell cycle, immune and inflammation responses, development, differentiation, and transformation. The ubiquitin-proteasome system accounts for the degradation of the majority of cellular short-lived proteins. This system involves the conjugation of multiple ubiquitin residues to the target protein and its recognition by the 26S proteasome through the poly-ubiquitin chain. Studies on the degradation of ornithine decarboxylase (ODC) demonstrated that poly-ubiquitin is not the only signal recognized by the 26S proteasome. The recognition of ODC by the 26S proteasome is mediated by interaction with a polyamine-induced protein termed, antizyme (Az). While the degradation of ODC is ubiquitin-independent, the degradation of its regulator Az, and of antizyme-inhibitor (AzI), an ODC homologous protein that regulates Az availability, are ubiquitin dependent. Interestingly, ODC undergoes another type of ubiquitin-independent degradation by the 20S proteasome that is regulated by NAD(P)H quinone oxidoreductase 1 (NQO1). Considering the prevalence of the ubiquitin system in the process of cellular protein degradation it is rather remarkable that a key cellular enzyme is subjected to two different proteolytic pathways that are different from the ubiquitin dependent one. This exceptional behavior of ODC provides us with valuable insights regarding protein degradation in general.
INTRODUCTION
Protein degradation plays a central role in the cells physiology by regulating fundamental cellular processes. 1, 2 The ubiquitin-proteasome pathway accounts for the degradation of the majority of cellular short-lived proteins. The 26S proteasome is a large multi-subunit protease consisting of a 20S core proteolytic particle that is capped with one or two 19S regulatory units. The 26S proteasome selectively recognizes and degrades poly-ubiquitinated proteins. Studies with Ornithine decarboxylase (ODC, EC 4.1. 1.17) , demonstrated that ubiquitination is not the sole mechanism that mediates recognition of proteins destined for degradation by the 26S proteasome and that the 20S proteasomes are functional physiological proteolytic particles.
THE ROLE OF ODC IN CELL GROWTH
ODC is the first and rate-limiting enzyme in the polyamine biosynthesis pathway. The polyamines spermidine, spermine and their precursor putrescine are abundant aliphatic polycations that are present in all living cells. Polyamines are essential for cellular proliferation and are also involved in regulating additional fundamental cellular processes such as differentiation, apoptosis and cellular transformation. 3, 4 ODC is a homodimeric enzyme that catalyses the decarboxylation of ornithine to form putrescine. ODC contains two active sited shared at the interface between the two subunits, whereas ODC monomers retain no enzymatic activity. 5 The cellular level of ODC and its activity must be strictly controlled since polyamines act as double-edge sword; on one hand they are absolutely required for maintaining growth while on the other hand their excessive level is cytotoxic. Increased ODC activity and elevated polyamines levels are noted upon growth stimulation and also in cases of cells transformed by various oncogenes, carcinogens and viral agents and in naturally occurring tumors. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Furthermore, ODC overexpression is sufficient to transform mouse NIH3T3 fibroblasts. 16 
ANTIZYME MEDIATED UBIQUITIN-INDEPENDENT ODC PROTEASOMAL DEGRADATION
ODC is actually one of the most rapidly degraded proteins in mammalian cells. While it is widely accepted that proteins are marked for degradation by poly-ubiquitination, 1,2 the proteolytic machinery recognizes ODC without its ubiquitination. 17, 18 The recognition of ODC by the 26S proteasome is mediated by interaction with a small polyamine induced protein termed antizyme (Az). 19 Az binds ODC subunits with high affinity to form an inactive Az/ODC heterodimer. Interaction with Az apparently alters ODC conformation, exposing a C-terminal segment encompassing amino acids 423-461 that together with Az provides the 26S proteasome recognition signal. 20, 21 Az enhances the association of ODC with the proteasome rather than stimulating its degradation rate. 21 It was proposed that the Az/ODC heterodimer is recognized by the same proteasomal element(s) that mediate the recognition of poly-ubiquinated proteins. 21 However, this conclusion is challenged by a recent study demonstrating that ubistatin A, an inhibitor of ubiquitin-dependent degradation that blocks the binding of poly-ubiquitinated substrates to the proteasome did not significantly inhibit the degradation of ODC by purified proteasomes. 22 
REGULATION OF ANTIZYME CELLULAR LEVELS AND ITS FUNCTION IN ODC STABILITY
Az was initially identified as an ODC inhibitory activity induced by polyamines. 23, 24 Az is synthesized through a unique mechanism of ribosomal frameshifting. 25, 26 Translation that starts at the initiation codon is terminated shortly thereafter at a nearby stop codon unless it is subverted to the +1 reading frame (ORF2) to encode most of the functional Az protein. 25, 26 The polyamine induced frameshifting serves as the cellular polyamine sensing mechanism. Overall, the ability of polyamines to up regulate the synthesis of Az, which in turn marks ODC for degradation by the 26S proteasome constitutes an autoregulatory negative feedback loop designed to maintain optimal cellular polyamine levels. Remarkably, Az is not degraded while presenting ODC to the 26S proteasome. 27 Az is either recycled to target another ODC molecule to degradation or undergoes ubiquitin dependent degradation by itself. 27, 28 The degradation of Az appears to be regulated by polyamines. In the budding yeast Succharomyces cerevisiae, the ubiquitin dependent degradation of antizyme is inhibited by polyamines. 29 
THE ROLE OF ANTIZYME-INHIBITOR IN REGULATING ODC DEGRADATION
Mammalian cells contain yet another protein that plays a central role in regulating the cellular polyamine homeostasis. This protein termed antizyme-inhibitor (AzI) is highly homologous to ODC but retains no enzymatic activity. 30 AzI binds to Az with higher affinity than ODC. Expression of AzI stabilizes ODC possibly by sequestration mechanism that reduces the level of accessible Az. 30 Although the C-terminal destabilizing segment of ODC is not conserved in AzI, AzI is a rapidly degraded protein. 31 However, in contrast to the degradation of ODC, the degradation of AzI is not mediated by Az and is ubiquitin-dependent. 31 Unexpectedly, interaction of Az with AzI actually stabilizes AzI by interfering with its ubiquitination. 31 Moreover, Az also stabilizes a chimerical AzI that bears the C-terminal destabilizing signal of ODC indicating that the presence of an Az binding site and the C-terminal segment of ODC are not sufficient for Az dependent and ubiquitin independent degradation, provided that at this context the C-terminus of ODC is not masked.
NQO1 REGULATES ODC DEGRADATION BY THE 20S PROTEASOME
Az and AzI are not the only regulators of ODC stability. In addition to the ubiquitin-independent degradation of ODC by the 26S proteasome, ODC is degraded in a ubiquitin-independent manner also by the 20S proteasome. 32 This novel pathway is regulated by NAD(P)H quinone oxyreductase 1 (NQO1), an abundant enzyme involved in the reduction of various quinones, utilizing NAD(P)H. NQO1 binds and stabilizes ODC. Disruption of NQO1 binding under various physiological conditions such as oxidative stress or upon exposure to dicoumarol, a competitive inhibitor of NQO1, results in ubiquitin-independent 20S proteasomal degradation of ODC. This novel pathway of ODC degradation is independent of the C-terminal segment of ODC that is required for the Az dependent 26S proteasomal degradation of ODC. Notably, only ODC monomers are degraded by this pathway therefore the importance of antizyme in this process if any is confined merely to the step of ODC monomerization. ODC monomerization is also obligatory for the antizyme independent degradation of ODC in vitro. Only an ODC mutant that fails to dimerize is susceptible for degradation by the 20S proteasome, but not by the 26S proteasome. Interaction with NQO1 protects ODC monomers from this pathway of degradation whereas inhibition of NQO1 by dicoumarol dissociates the complex and promotes ODC degradation. 
THE ROLE OF 20S PROTEASOMES IN ODC DEGRADATION
While specific mechanisms mediate the recognition of proteins destined for degradation by 26S proteasomes, it is not clear how proteins are recognized for degradation by the 20S proteasome. Recent studies suggested that unstructured proteins such as α-Synuclein and p21 cip are intrinsically unstable due to their capacity to enter the 20S proteasome pore. 33, 34 Actually, even a segment of unstructured region within a protein might be sufficient to direct a protein to 20S proteasomal degradation. Analysis of ODC sequence using different computational prediction algorithms suggests that ODC contains several unstructured regions. 35 We hypothesize that these unstructured regions are exposed within the ODC monomer that is degraded efficiently by the 20S proteasome and either folded or hidden within the dimer that is refractory to 20S proteasomal degradation.
NQO1 REGULATES ODC DEGRADATION BY 20S PROTEASOMES
In the cells ODC subunits are in a constant state of association and dissociation maintaining equilibrium between active homodimers and inactive monomers. ODC monomers can be diverted to degradation by the 26S proteasome following their interaction with antizyme in a manner that is affected by the intracellular polyamine concentration. ODC monomers are also susceptible for degradation by the 20S proteasomes unless protected by interaction with NQO1. NQO1 might also protect ODC adjacent to its synthesis before the ODC subunits assumed their functional conformation in the enzymatically active homodimer. As we have demonstrated ODC may be directed to degradation by the 20S proteasome under specific physiological conditions such as oxidative stress.
HOW GENERAL IS THE NQO1-20S PROTEASOME PATHWAY
Taken together, our studies with ODC 32 and with p53 and p73 36, 37 suggest that some short-lived proteins are intrinsically unstable and are degraded by default by 20S proteasomes. Such proteins must be therefore temporarily protected until they acquire functional conformation or assemble into functional complexes in which they are protected from this default degradation. Interestingly, analysis of purified 20S proteasomes demonstrated that significant proportion of cellular NQO1 is associated with 20S, but not with 26S proteasomes. 36 The association of NQO1 with the 20S proteasomes together with its ability to regulate the stability of some short-lived proteins suggests that NQO1 might play a general role in regulating the metabolic stability of a subset of cellular proteins. We have recently proposed that NQO1 might function as a gatekeeper of the 20S proteasomes regulating the entery of such proteins into the 20S proteasome.
CONCLUDING REMARKS
Studying the mechanisms involved in regulating cellular ODC levels revealed unprecedented mechanisms of protein degradation both ubiquitin dependent and independent and 20S or 26S mediated. In the case of ODC the cells have developed an alternative way to that of ubiquitination for targeting a protein to degradation by 26S proteasomes. Although several reports suggested that other proteins might undergo ubiquitin-independent 26S proteasoaml degradation ODC is still the most notable and established exception and it is still not clear why such a unique mechanism was evolved for ODC degradation. Investigating ODC stability also raised the interesting possibility that 20S proteasomes are physiologically functional, and that the process of degradation by 20S proteasomes is actually a regulated process. In contrast to the Az mediated degradation by the 26S proteasome, degradation by the 20S proteasome appears to be more general and basic cellular process involving several short-lived proteins with key cellular regulatory functions.
